Introduction {#sec1}
============

Chronic inflammation is one of the major risk factors for initiation of many human cancers.^[@ref1]^ Persistent oxidative stress developed at sites of chronic inflammation is characterized by overproduction of free radicals, electrophiles, and other reactive species, which target cellular DNA and as a consequence may lead to mutations and cancer. The primary target of one-electron oxidation in DNA is guanine, the most easily oxidizable nucleic acid base in DNA.^[@ref2]^ The best known oxidation product of guanine is 8-oxo-7,8-dihydroguanine (8-oxoG), which is ubiquitous in cellular DNA and is used widely as a biomarker of oxidative stress.^[@ref3]^ The 8-oxoG lesion is genotoxic, and failure to remove 8-oxoG before replication induces G:C → T:A transversion mutation.^[@ref4],[@ref5]^ Formation of 8-oxoG can be initiated by oxidation of guanine bases with hydroxyl,^[@ref6]^ oxyl,^[@ref7],[@ref8]^ and peroxyl^[@ref9],[@ref10]^ radicals, one-electron oxidants,^[@ref11]−[@ref13]^ and singlet oxygen.^[@ref14],[@ref15]^ The oxidation of guanine bases by hydroxyl radicals (^•^OH) and by one-electron oxidants involves a common intermediate, the 8-hydroxy-7,8-dihydroguanyl radical (8-HO-G^•^), which is reducing in nature and is rapidly oxidized by molecular oxygen (4 × 10^9^ M^--1^ s^--1^) or by other weak oxidants, to yield the 8-oxoG lesion (Figure [1](#fig1){ref-type="fig"}).^[@ref16]^ It is worth noting that the competing process of 8-HO-G^•^ decay involves purine ring-opening, followed by one-electron reduction and formation of 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG). Thus, the formation of Fapy, relative to 8-oxoG may be significant in cellular DNA.^[@ref3],[@ref15]^ However, the yield of FapyG is much lower than that of 8-oxoG in isolated DNA upon one-electron oxidation in aerated aqueous solutions,^[@ref17]^ and therefore, this particular guanine decomposition product is not considered in the present study.

![Mechanisms of 8-oxoG formation initiated by one-electron oxidation or by ^•^OH addition to guanine at C8 in DNA (under oxidative conditions FapyG is a minor product^[@ref17]^ and its formation is not shown).](ja-2013-12471u_0001){#fig1}

The 8-HO-G^•^ radicals can be generated by either the addition of ^•^OH to C8 of guanine^[@ref16]^ or by hydration^[@ref11]^ of the guanine radical cation (G^•+^) derived from the one-electron oxidation of guanine (Figure [1](#fig1){ref-type="fig"}).^[@ref12],[@ref15]^

In acid solutions, the G^•+^ radicals generated by one-electron oxidation of guanine bases in single-stranded oligonucleotides are hydrated with the rate constant *k*~aq~ ∼ 3 × 10^2^ s^--1^ at pH 2.5 determined by time-resolved spectroscopic monitoring of the decay of G^•+^ radicals.^[@ref18]^ However, in neutral solutions, the yields of 8-oxoG in single-stranded DNA and in free 2′-deoxyguanosine (dGuo) are negligible^[@ref11],[@ref16],[@ref18]^ because the hydration of G^•+^ cannot compete effectively with the faster deprotonation mechanism in neutral solutions (Figure [1](#fig1){ref-type="fig"}). Deprotonation of dGuo^•+^ gives rise to the neutral nucleoside radical dGuo(-H)^•^ or the G(-H)^•^ base in single-stranded DNA. Indeed, at the nucleoside level, dGuo^•+^ is a Brønsted acid (p*K*~a~ = 3.9), and thus the dGuo(-H)^•^ radical is the dominant one-electron oxidation product in neutral pH solutions.^[@ref19]^ Pulse radiolysis studies^[@ref20]^ have shown that deprotonation of dGuo^•+^ to dGuo(-H)^•^ occurs rapidly with the rate constant *k*~dp~ = 1.8 × 10^7^ s^--1^ which is 5 orders of magnitude greater than *k*~aq~.^[@ref18]^ The major final oxidation products of dGuo have been identified as 2,2,4-triamino-5-(2*H*)-oxazolone and its 2,5-diamino-4*H*-imidazol-4-one precursor^[@ref21]^ that arise from the addition of superoxide anion radical to the C8 atom of dGuo(-H)^•^.^[@ref22]^ In double-stranded oligonucleotides the rates of G^•+^ deprotonation remain very high (*k*~dp~ ≥ 3 × 10^6^ s^--1^),^[@ref20],[@ref23]^ and negligible yields of 8-oxo-7,8-dihydro-2\'-deoxyguanosine (8-oxodGuo) per G^•+^ radical cation (\<0.01%) are expected because *k*~dp~ ≫ *k*~aq~.^[@ref18]^ Nevertheless, in spite of this difference in the *k*~aq~ and *k*~dp~ values, the production of 8-oxodGuo lesions initiated by the one-electron oxidation of guanine remains very efficient in double-stranded DNA.^[@ref11]^ This apparent paradox is re-enforced by the observation that a hydration mechanism is indeed involved in the formation of 8-oxodGuo in double-stranded DNA since the experiments conducted in H~2~^18^O demonstrated that ^18^O is incorporated into the 8-oxodGuo formed.^[@ref10],[@ref11]^ Thus, the high yields of 8-oxodGuo observed in double-stranded DNA present a significant challenge for understanding the mechanism of 8-oxodGuo formation in double-helical DNA under neutral physiological conditions.

The objectives of this work were to directly monitor the kinetics of decay of G^•+^ and G(-H)^•^ radicals in single- and double-stranded 2′-deoxyribooligonucleotides using transient absorption spectroscopy and to measure, in parallel, the formation of 8-oxodGuo using HPLC methods of analysis. This novel approach allowed us to, for the first time, directly correlate the kinetics of guanine radical decay with 8-oxodGuo formation induced by the one-electron oxidation of guanine in a single- and double-stranded oligonucleotide model system. The sequences of single oligonucleotide strands employed are shown below, and the double-stranded oligonucleotides (duplex **1**) were formed by annealing strands **1a** and **1b**:

The same duplex sequence was previously used in studies of sequence-dependent guanine oxidation in riboflavin-mediated photosensitized oxidation^[@ref24]^ and nitrosoperoxycarbonate oxidation^[@ref25]^ experiments. Our studies with these model sequences reveal striking differences in the decay kinetics of G(-H)^•^ radicals and yields of 8-oxodGuo lesions in the double- and single-stranded DNA forms. These results suggest that in double-stranded DNA, the G(-H)^•^ radicals retain some cationic character because G-C Watson--Crick base-pairing diminishes the probability of escape of the proton that governs the decay of the G^•+^ radical cation. The hydration of these cation radicals competes with the release of the protons into the bulk solution and leads to the formation of 8-oxodGuo. On the other hand, the reactivity of the G(-H)^•^ radical with water is much lower as evidenced by the long lifetime of these neutral radicals that decay on the time scale of seconds in single-stranded DNA.

Experimental Methods {#sec2}
====================

Materials {#sec2.1}
---------

All chemicals (analytical grade) were used as received. The oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). All oligonucleotides were purified and desalted using reversed-phase HPLC. The integrity of the oligonucleotides was confirmed by MALDI-TOF/MS analysis. Duplex **1** was prepared by annealing 1:1 mixtures of sequences **1a** and **1b** by heating the sample to 90 °C in a water bath followed by slow cooling to room temperature over a 4--5 h time period. Duplex **1** (20 μM) in 20 mM phosphate buffer solution (pH 7.0) containing 50 mM Na~2~SO~4~ exhibits a single, well-defined cooperative melting behavior with a melting point of 71.5 ± 0.5 °C. Calf thymus DNA was from Sigma Chemical; the concentrations of nucleobases in solutions of calf thymus DNA were determined using a molar extinction coefficient ε~260~ = 6.6 × 10^3^ M^--1^ cm^--1^.^[@ref26]^

Laser Flash Photolysis {#sec2.2}
----------------------

The kinetics of oxidative reactions initiated by SO~4~^•--^ radicals were monitored directly using a fully computerized kinetic spectrometer system (∼7 ns response time) described elsewhere.^[@ref18]^ The rate constants, determined by least-square fits of the appropriate kinetic equations to the experimentally measured transient absorption profiles, have been described earlier.^[@ref18]^ The values reported are averages of five independent measurements.

Generation of Guanine Radicals in DNA {#sec2.3}
-------------------------------------

The SO~4~^•--^ radicals have been widely used to produce guanine radicals in DNA.^[@ref19],[@ref20],[@ref23]^ The cascade of events was initiated by nanosecond 308 nm XeCl excimer laser pulses (Table [1](#tbl1){ref-type="other"}). This mode of excitation induces the selective photodissociation of peroxodisulfate anions S~2~O~8~^2--^ and the formation of SO~4~^•--^ radicals (reaction 1). The latter rapidly oxidize guanines in duplex **1** or the single strands **1a** and **1b** with formation of G(-H)^•^ radicals (reactions 3--5). The kinetic parameters obtained in the transient absorption experiments are summarized in Table [1](#tbl1){ref-type="other"}.

###### Generation of G(-H)^•^ Radicals in DNA: Reaction Scheme and Rate Constants[a](#t1fn1){ref-type="table-fn"}

   *N*  reaction   *k*~*n*~, M^--1^ s^--1^[b](#t1fn2){ref-type="table-fn"}
  ----- ---------- ---------------------------------------------------------
    1              φ~308~ = 0.55[c](#t1fn3){ref-type="table-fn"}
    2              (1.6 ± 0.2) × 10^9^
    3              (10.9 ± 0.9) × 10^9^[d](#t1fn4){ref-type="table-fn"}
    4              (8.6 ± 0.9) × 10^9^[d](#t1fn4){ref-type="table-fn"}
    5              (10.4 ± 0.9) × 10^9^[d](#t1fn4){ref-type="table-fn"}

The kinetic parameters were measured in air-equilibrated 10 mM phosphate buffer solutions, pH 7.0 containing 50 mM Na~2~SO~4~ at 24 ± 1 °C.

The rate constants were obtained from the best least-squares fits of the appropriate kinetic equations to the transient absorption profiles describing the decay of SO~4~^•--^ radicals at 445 nm (ε~445~ = 1.6 × 10^3^ M^--1^cm^--1^)^[@ref27]^ and the formation of G(-H)^•^ radicals at 312 nm (ε~312~ = 7.2 × 10^3^ M^--1^cm^--1^).^[@ref18],[@ref28]^

Quantum yield of SO~4~^•--^ radicals at 308 nm.^[@ref29]^

The G(-H)^•^ radicals form with the yields of 0.55 ± 0.10 calculated from the ratio of the transient absorbances of G(-H)^•^ and SO~4~^•--^ radicals at 312 and 445 nm, respectively.

Quantitation of 8-oxodGuo Lesions in DNA {#sec2.4}
----------------------------------------

The 80 μL air-equilibrated samples (100 μM single- or double-stranded oligonucleotides, 20 mM Na~2~S~2~O~8~, 50 mM Na~2~SO~4~ in 20 mM phosphate buffer solution) were placed in a 0.2 × 1.0 cm quartz cell and photolyzed through a rectangular aperture (0.3 × 1.0 cm) by a predetermined number of 308 nm XeCl excimer laser pulses. The irradiated oligonucleotides were placed on ice, washed 3 times with 400 μL of cold water using Amicon Ultra-0.5 centrifugal filters (3 kDa MWCO), split into several aliquots containing ∼60 μg DNA, and dried under vacuum. The DNA samples (∼60 μg) were digested with nuclease P1 (2 units) in 40 μL of 30 mM sodium acetate buffer (pH 5.2) containing 0.1 mM ZnCl~2~ and 3 mM deferoxamine for 3 h at 37 °C. Following digestion, 4 μL of 1 M Tris-HCl buffer solution (pH 8.2) containing 100 mM MgCl~2~ was added, and the samples were incubated with 2 units of alkaline phosphatase and 0.04 units of snake venom phosphodiesterase for 2 h at 37 °C. The digestion mixtures were passed through Amicon Ultra-0.5 centrifugal filters (10 kDa MWCO) to remove the enzymes. The 2′-deoxyribonucleosides were separated by reversed-phase HPLC column using a 0--24% linear gradient of acetonitrile in 20 mM ammonium acetate for 60 min at a flow rate of 1 mL/min. The amounts of 8-oxodGuo were quantified by integration of the chromatograms monitored at 300 nm using for calibration an authentic standard of 8-oxodGuo.

Results {#sec3}
=======

Kinetics of Decay of Guanine Radicals in Double- and Single-Stranded DNA {#sec3.1}
------------------------------------------------------------------------

In 100 μM solutions of duplex **1** the lifetime of SO~4~^•--^ radicals is shortened from ∼35 μs in the absence of DNA to ∼1 μs, and the decay of the SO~4~^•--^ absorption band at 445 nm is well correlated with the growth of new absorption bands in the 300--750 nm spectral range. The transient observed after the complete decay of SO~4~^•--^ radicals (5 μs curve shown in red in Figure [2](#fig2){ref-type="fig"}A) was assigned to the guanine neutral radical, G(-H)^•^, characterized by a narrow absorption band at 312 nm and two less intense bands near 390 and 510 nm.^[@ref19]^

![(A) Transient absorption spectra recorded after a nanosecond single 308 nm XeCl laser pulse excitation of samples containing 100 μM duplex **1**, 20 mM Na~2~S~2~O~8~, and 50 mM Na~2~SO~4~ in air-equilibrated 20 mM phosphate buffer solutions, pH 7.0. (B) The transient kinetic traces at 510 nm are attributed to the decay of G(-H)^•^ radicals in duplex **1**.](ja-2013-12471u_0002){#fig2}

The spectrum of the guanine radical cation, G^•+^ is markedly different:^[@ref19]^ (1) the narrow absorption band of the G^•+^ radical is at 300 nm instead of 312 nm in the case of the G(-H)^•^ radical; and (2) at wavelengths \>600 nm, the absorbance of G^•+^ radicals becomes negligible in comparison to the absorbance of G(-H)^•^ radicals (for additional details, see [Figure S1](#notes-1){ref-type="notes"}). The predominance of G(-H)^•^ absorption in the 5 μs transient absorption spectrum is in excellent agreement with the pulse radiolysis studies of G^•+^ deprotonation kinetics by the Kobayashi group.^[@ref20],[@ref23]^ The latter have shown that in double-stranded DNA, deprotonation of G^•+^ is very fast (*k*~dp~ ≥ 3 × 10^6^ s^--1^) and is completed before the start of registration of the transient absorbance in our experiments (5 μs curve, Figure [2](#fig2){ref-type="fig"}A).

In duplex **1**, the kinetics of G(-H)^•^ radical decay are heterogeneous and biphasic with lifetimes in the millisecond and second time domains (Figure [2](#fig2){ref-type="fig"}B). In the millisecond time window, the decay of the G(-H)^•^ absorbance occurs with the characteristic decay time of ∼2.2 ms, which is practically the same in the 310--700 nm spectral range. Furthermore, the transient absorption spectrum observed at the 10 ms time point displays all of the spectral features of the G(-H)^•^ radicals (as shown by the 10 ms curve shown in blue in Figure [2](#fig2){ref-type="fig"}A). In turn, in the one-second time domain, the decay of G(-H)^•^ radicals occurs with the characteristic time of ∼0.18 s (Figure [2](#fig2){ref-type="fig"}B). The residual absorbance is characterized by a broad asymmetric absorption band around 330 nm (1 s curve shown in black in Figure [2](#fig2){ref-type="fig"}).

In the case of the single-strand **1a**, the kinetics of G(-H)^•^ formation are also correlated with the decay of SO~4~^•--^ radicals, and kinetic parameters obtained are very close to those observed in duplex **1** (Table [1](#tbl1){ref-type="other"}). The intermediate observed after the complete decay of SO~4~^•--^ radicals is the G(-H)^•^ radical that is characterized by the transient absorption spectrum shown in Figure [3](#fig3){ref-type="fig"}A (5 μs curve shown in magenta).

![(A) Transient absorption spectra recorded after excitation with a single 308 nm XeCl nanosecond laser pulse. The samples contained 100 μM sequence **1a**, 20 mM Na~2~S~2~O~8~, and 50 mM Na~2~SO~4~ in air-equilibrated 20 mM phosphate buffer solutions, pH 7.0. (B) The transient kinetic traces at 510 nm are attributed to the decay of G(-H)^•^ radicals in sequence **1a**.](ja-2013-12471u_0003){#fig3}

Indeed, this 5 μs transient absorption spectrum of sequence **1a** shows all of the characteristic features of the G(-H)^•^ spectrum including a narrow absorption band at 312 nm and two less intense bands near 390 and 510 nm.^[@ref19]^

Although, the spectral characteristics of G(-H)^•^ radicals in sequence **1a** (Figure [3](#fig3){ref-type="fig"}A) and duplex **1** (Figure [2](#fig2){ref-type="fig"}A) are very close, the kinetics of their decays are quite different. In sequence **1a**, the decay of G(-H)^•^ radicals is mostly monophasic, because G(-H)^•^ radicals decay on the time scale of 1 s with the characteristic lifetime of 0.28 s (Figure [3](#fig3){ref-type="fig"}B); the kinetic component clearly observed in duplex **1** on the ms time scale (Figure [2](#fig2){ref-type="fig"}B) was not detected in sequence **1a** (Figure [3](#fig3){ref-type="fig"}B).

Other experiments with double-stranded calf thymus DNA and single-stranded sequence **1b** clearly showed that the behavior of guanine radicals produced by one-electron oxidation is mostly determined by the DNA secondary structure rather than by the DNA sequence context (see details in [Supporting Information](#notes-1){ref-type="notes"}). In both calf thymus DNA ([Figure S2](#notes-1){ref-type="notes"}) and sequence **1b** ([Figure S3](#notes-1){ref-type="notes"}) the absorption spectrum of G(-H)^•^ radicals dominates the 5 μs transient absorption spectra. Moreover, in calf thymus DNA, the kinetics of G(-H)^•^ decay remain heterogeneous with pronounced millisecond and ∼1 s kinetic components (inset in [Figure S2](#notes-1){ref-type="notes"}). In turn, G(-H)^•^ radicals in sequence **1b**, which is the complementary strand to sequence **1a**, decay in the 1 s time window, and the millisecond kinetic component is not observed (inset in [Figure S3](#notes-1){ref-type="notes"}). In the following section we show that this difference in the kinetics of G(-H)^•^ radical decay in single- and double-stranded DNA on the ms time scale is correlated with the yield of 8-oxodGuo lesions.

Yields of 8-oxodGuo Lesions in Double- and Single-Stranded DNA {#sec3.2}
--------------------------------------------------------------

The samples containing 100 μM duplex **1**, 20 mM Na~2~S~2~O~8~, and 50 mM Na~2~SO~4~ in air-equilibrated 20 mM phosphate buffer solution, pH 7.0 were irradiated by defined numbers of successive 308 nm XeCl excimer laser pulses. After complete enzymatic digestion to the nucleoside level, the 8-oxodGuo lesions were quantified by reversed-phase HPLC. The yields of 8-oxodGuo lesions as a function of the number of laser pulses are shown in Figure [4](#fig4){ref-type="fig"}.

![Dependence of the yields of 8-oxodGuo lesions in double- and single-stranded DNA on the number of successive 308 nm laser pulses. The 8-oxodGuo yields were estimated by integrating the areas under the bands of 8-oxodGuo in the HPLC elution profiles recorded at 300 nm.](ja-2013-12471u_0004){#fig4}

Increasing the number of laser pulses induces a monotonic rise in the yields of the 8-oxoGuo lesions. In duplex **1**, the initial 8-oxodGuo yields are ∼1 μM per laser pulse that correspond to ∼20% per G(-H)^•^ radical generated. In calf thymus DNA, the initial 8-oxodGuo yields were at the level of ∼2 μM per laser pulse ([Figure S4](#notes-1){ref-type="notes"}). In contrast, in the single-stranded sequences **1a** and **1b** the yields of 8-oxodGuo are smaller by a factor of ∼7 than in duplex **1**. These results clearly show that the double-stranded secondary structure of DNA is a crucial factor that enhances the formation of 8-oxodGuo lesions from G(-H)^•^ radicals.

Discussion {#sec4}
==========

In this work, we explored the effects of DNA secondary structure on the formation of 8-oxodGuo lesions and the kinetics of decay of guanine radicals produced by the one-electron oxidation of guanine bases with SO~4~^•--^ radicals generated by single laser pulses excitation. The SO~4~^•--^ radical is a very strong one-electron oxidant that unselectively oxidizes all four natural nucleic acid bases (A, G, C, and T).^[@ref30],[@ref31]^ Although, all four nucleobases can be oxidized by SO~4~^•--^ radicals with rate constants that are close to diffusion controlled rates,^[@ref30]^ the primary damage is localized at guanine sites,^[@ref20],[@ref23]^ because guanine is the most easily oxidizable nucleobase among the four natural ones.^[@ref2],[@ref32]^ Thus, guanines can be rapidly oxidized by neighboring adenine and pyrimidine radical cations that are indiscriminately generated by SO~4~^•--^ radicals.^[@ref30],[@ref31]^ Following the one-electron oxidation of any of the four DNA bases, the "hole" is ultimately localized on guanines by hole-hopping mechanisms over long distances.^[@ref33]−[@ref38]^ However, the mechanisms and efficiencies of hole localization on G-sites in double- and single-stranded DNA can be different. Single-stranded DNA is flexible, and direct contacts between guanine and neighbor adenine or pyrimidine radical cations can occur.^[@ref18],[@ref30]^ In our 30-mer strands **1a** and **1b** with eight or six guanines, the distance from any randomly injected hole to the closest G-site does not exceed 3 bases, which is sufficient to provide high yields of guanine radicals per SO~4~^•--^ oxidant in both oligonucleotides (Table [1](#tbl1){ref-type="other"}). The predominant damage of guanine by SO~4~^•--^ radicals has been also confirmed by gel electrophoresis methods.^[@ref39]−[@ref42]^

Extensive ESR studies in aqueous solutions^[@ref43],[@ref44]^ and in glassy media at low temperatures^[@ref45]−[@ref47]^ have shown that the unpaired electron in the G^•+^ radical cation is mostly delocalized with spin densities distributed among the N2, N3, and C8--H atoms, but not on N1. In free nucleosides and single-stranded DNA, deprotonation of G^•+^ occurs via escape of the proton from N1-G^•+^ to the surrounding water to form the G(N1--H)^•^ radical, in which there is also no spin density on N1.^[@ref43]−[@ref47]^ By contrast, in double-stranded DNA, G:C Watson--Crick base pairing suggests that the proton is at least partially shielded from bulk water and that the proton is shared between the Watson--Crick paired G and C as proposed by Steenken^[@ref48],[@ref49]^ (Figure [5](#fig5){ref-type="fig"}).

![Mechanisms of G^•+^ deprotonation and hydration in double-stranded DNA.](ja-2013-12471u_0005){#fig5}

The equilibrium constant of proton transfer (*K*~pt~ = 0.25) estimated from the p*K*~a~ values of 3.9 (dGuo^•+^)^[@ref19]^ and 4.3 (dCyd)^[@ref50]^ suggests that the guanine radical in DNA, on average, has 30% ionic character \[G^•+^:C pair\] and ∼70% neutral guanine radical character \[G(-H)^•^:H^+^C)\].^[@ref48],[@ref49]^ The rise of the transient absorption band of G(-H)^•^ radicals at 600--700 nm in double-stranded DNA reported by the Kobayashi group^[@ref20],[@ref23]^ provides a measure of the characteristic time scale for establishing the proton-transfer equilibrium (Figure [5](#fig5){ref-type="fig"}). In free nucleoside and single-stranded DNA, the escape of protons directly into the bulk solution occurs with rates that are faster than in the case of double-stranded DNA.^[@ref20],[@ref23]^ Thus, it is not surprising that the neutral guanine radical with an absorption maximum at 312 nm dominates the transient absorption spectrum of both single and double-stranded DNA (Figures [2](#fig2){ref-type="fig"}A, [3](#fig3){ref-type="fig"}A, [S2, and S3](#notes-1){ref-type="notes"}).

In all experiments (Figures [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [S2](#notes-1){ref-type="notes"}), the concentrations of G(-H)^•^ radicals generated by a single laser pulse (∼5 μM/pulse) were ∼20-fold lower than the concentrations of DNA molecules (∼100 μM). These so-called "single-hit" conditions exclude the occurrence of sequential one-electron oxidation events at a particular guanine site that would give rise to the formation of secondary radicals such as 8-oxoG^•+^/8-oxoG(-H)^•^ radicals that were detected in gamma-irradiated glassy media at low temperatures.^[@ref51]^ We further hypothesize that the ms kinetic component, which appears only in double-stranded DNA (Figure [2](#fig2){ref-type="fig"}B and inset in [Figure S2](#notes-1){ref-type="notes"}), can be assigned to the hydration of the \[G(-H)^•^:H^+^C ⇆ G^•+^:C\] pair because the guanine radical retains cationic character in this species (Figure [5](#fig5){ref-type="fig"}). The C8-site of guanine is exposed to the aqueous environment because of its location in the major groove of B-DNA.^[@ref52]^ Thus, it is not necessary for the guanine base to flip out of the interior of the double-helix in order to facilitate the nucleophilic addition of water to its C8-site.^[@ref53]^ The 8-HO-G^•^ radicals formed are reducible and are readily oxidized by weak oxidants to yield the observed 8-oxodGuo lesions.^[@ref16]^ Hydration of the \[G(-H)^•^:H^+^C ⇆ G^•+^:C\] pair competes with proton escape to the surrounding water and formation of the \[G(-H)^•^:C\] pair (Figure [5](#fig5){ref-type="fig"}), which has the same spectrum (10 ms curve shown in blue in Figure [2](#fig2){ref-type="fig"}A) and decays in the 1 s time scale (Figure [2](#fig2){ref-type="fig"}B and inset in [Figure S2](#notes-1){ref-type="notes"}). Thus, competitive hydration and proton escape can account for the biphasic kinetics of G(-H)^•^ decay in double-stranded DNA; in single-stranded DNA, deprotonation of G^•+^ dominates and kinetics of G(-H)^•^ decay becomes monophasic (Figures [3](#fig3){ref-type="fig"}B and [S3](#notes-1){ref-type="notes"} inset).

Proton escape from \[G(-H)^•^:H^+^C\] to the bulk water that suppresses hydration and reduces 8-oxodGuo yields can occur by the following mechanisms: (1) opening of \[G(-H)^•^:H^+^C\] pair; and (2) tautomeric transformation of \[G(-H)^•^:H^+^C\] to the \[G(*N*^2^-H)^•^:C\] pair (Figure [5](#fig5){ref-type="fig"}).^[@ref53],[@ref54]^ The detailed kinetics of base pair opening of GC base pairs in oligonucleotide duplexes were derived from ^1^H NMR measurements of imino proton exchange rates.^[@ref55]−[@ref61]^ These studies have shown that base pair opening rates depend on DNA sequence context and can be described in terms the rate constant *k*~op~ = (τ~op~)^−1^, where τ~op~ is characteristic time scale in which base pair opening occurs. Base pair opening in double-stranded DNA can thus contribute to proton escape and the formation of G(-H)^•^ radicals. Typical values of τ~op~ in double-stranded DNA are of the order of milliseconds. For example, in runs of contiguous guanines, the values of τ~op~ in GC tracts are about 5 ms or shorter,^[@ref61]^ while in isolated GC base pairs the values of τ~op~ are typically in the range of 10--60 ms.^[@ref55]−[@ref60]^ The latter exceeds the characteristic lifetimes of G(-H)^•^ radicals in the ms time range (Figures [2](#fig2){ref-type="fig"} and [S2](#notes-1){ref-type="notes"}).

In contrast, proton escape via the formation of the \[G(*N*^2^-H)^•^:H^+^C\] intermediate does not require base pair opening because the G(*N*^2^-H)^•^ radicals are exposed to the aqueous phase.^[@ref53],[@ref54]^ The existence of the G(*N*^2^-H)^•^ radicals (Figure [5](#fig5){ref-type="fig"}) is supported using different approaches (pulse radiolysis,^[@ref62]^ absorption and ESR spectroscopy,^[@ref45]−[@ref47]^ and extensive DFT calculations).^[@ref45],[@ref47],[@ref53],[@ref54]^ It has been demonstrated by pulse radiolysis experiments that G(*N*^2^-H)^•^ tautomers produced by the reduction of 8-bromo-2′-deoxyguanosine transform to G(N1--H)^•^ radicals within ∼5 μs.^[@ref62]^ This observation suggests that in double-stranded DNA, the equilibrium between these tautomers (*K*~t~) is shifted to the \[G(-H)^•^:H^+^C\] form. Furthermore, DFT calculations suggest that in hydrated DNA, G(N1--H)^•^ is more stable than G(*N*^2^-H)^•^ by ∼3.3 kcal/mol;^[@ref45]^ consequently, the driving force of proton escape from the duplex is the deprotonation of G(*N*^2^-H)^•^ (*k*~t~) coupled with base displacement and reorganization of the hydrogen-bonding network (Figure [5](#fig5){ref-type="fig"}).^[@ref53],[@ref54]^

Conclusions {#sec5}
===========

The radical species detected after the complete decay of SO~4~^•--^ radicals (5 μs after the laser pulse) exhibit the known spectroscopic characteristics of neutral guanine radicals. In double-stranded DNA, the kinetics of radical decay are heterogeneous and involve two kinetic components that are clearly observed in the millisecond--second time scale windows. In contrast, in single-stranded DNA, the decay of guanine radicals occurs on the time range of several seconds, and the ms kinetic component observed in double-stranded DNA is missing in single-stranded DNA. This difference in the kinetics of radical decay is correlated with a significant reduction of the yields of 8-oxodGuo lesions in single-stranded DNA by a factor of ∼7 relative to double-stranded DNA. In the latter, the deprotonation of guanine radical is attributed to the loss of a proton from the \[G(-H)^•^:H^+^C\] pair. In this structure, the guanine radical retains cationic character and decays by two competitive pathways: (1) hydration, leading to 8-oxodGuo lesions; and (2) proton escape to the surrounding water to form the \[G(-H)^•^:C\] base pair which does not readily undergo water addition. In single-stranded DNA, the deprotonation of guanine radical cations dominates over the direct escape of the proton into the bulk water, and the yields of 8-oxodGuo become negligible in comparison with double-stranded DNA.

The transient absorption spectra of dGuo^•+^, dGuo(-H)^•^ free nucleoside radicals, and G(-H)^•^ radicals in sequence **1b** and calf thymus DNA are shown. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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